The processing of metals through the application of severe plastic deformation leads to significant grain refinement and provides an opportunity for achieving superior properties. The two procedures of equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) are examined with emphasis on the mechanical properties at low and high temperatures and the nature of the grain refinement. It is demonstrated that grain refinement occurs relatively homogeneously in f.c.c metals through the formation of dislocation cells or subgrains and the evolution of these cells into an array of ultrafine grains separated by high angle boundaries. By contrast, grain refinement in h.c.p. metals such as magnesium is inhomogeneous and occurs through the nucleation of new grains along the initial grain boundaries due to the high stresses generated to activate multiple slip systems. Ultrafine-grained metals generally exhibit high strength but they may exhibit weakening if the processing conditions adversely affect the precipitate morphology. If the ultrafine grains are stable at high temperatures there is a possibility of achieving excellent superplastic properties.
Introduction
The processing of bulk metals through the application of severe plastic deformation (SPD) has become important in recent years because of the potential for achieving remarkable grain refinement to the submicrometer or nanometer range. 1) Several different SPD procedures are now available 2) but the most attractive methods, and the ones receiving the major attention, are equal-channel angular pressing (ECAP) 3) and high-pressure torsion (HPT). 4) Both of these procedures are effective in introducing a high density of dislocations into the samples and these dislocations subsequently re-arrange to form an ultrafine-grained submicrometer microstructure or even a nanocrystalline structure.
Many of the engineering materials processed by SPD techniques exhibit excellent properties. For example, the exceptional grain refinement generally leads to very significant strengthening at ambient temperatures 5) and, if the grains remain reasonably small when the temperature is increased, there is a potential for achieving excellent superplastic properties at elevated temperatures. 6) A recent report examined the occurrence of superplasticity in materials processed by ECAP and it was demonstrated there are now examples of the occurrence of high superplastic elongations in a very wide range of metallic alloys. 7) Furthermore, excellent superplastic properties may be attained even in difficult-to-work materials such as magnesium alloys. For example, recent reports described exceptional superplastic properties in the ZK60 8) and AZ31 9) magnesium alloys. Although these results were obtained using materials processed by ECAP, there is also a recent report of very good superplastic flow in an aluminum-based alloy processed by HPT. 10) This paper represents the opening keynote presentation at the 4th International Symposium on Designing, Processing and Properties of Advanced Engineering Materials (ISAEM-2008) held in Nagoya, Japan, in November 2008. The overall objective of the presentation was to examine the use of SPD in the processing of advanced engineering materials. Specifically, the aim was to document recent developments in achieving homogeneous ultrafine-grained microstructures in metallic alloys processed by ECAP or HPT. It is now well established that these ultrafine-grained and nanostructured materials have an excellent innovation potential for use in various advanced and functional applications in areas such as engineering and medicine. 11) For example, ultrafine-grained titanium processed by ECAP and extrusion is now in use in a pilot program as a dental implant material. 12) Accordingly, this overview describes some of the more recent results obtained in the authors' group at the University of Southern California and full details of the results of other investigators may be found in the various references cited herein.
The Principles of ECAP and HPT
Processing through the application of SPD refers to various methods of metal forming where an intense hydrostatic pressure is used to impose a very high strain on a bulk solid without the concomitant introduction of any significant changes in the overall dimensions of the sample.
2) This lack of any dimensional changes means that conventional industrial processing routes, such as extrusion and rolling, are necessarily excluded. Instead, SPD processing relies on introducing large strains and thereby, through dislocation re-arrangement, producing bulk materials having ultrafine grain sizes. The materials produced in this way often include a large fraction of grain boundaries having high angles of misorientation.
Processing by ECAP was first developed in the 1980's 13) and is now an established processing technique in laboratories around the world. There are review articles describing the process 3, 14) and the principle is based on pressing a billet, in the form of a short rod or bar, through a metal die where it is constrained within a channel which is bent through a sharp angle near the center of the die. Typically, if the angle, È, between the two parts of the channel is 90 , and there is an additional angle, É, of $20
representing the outer arc of curvature where the two parts of the channel intersect, it can be shown that a strain of $1 is imposed in a single pass. 15) Because the billet emerges from the die with the same crosssectional dimensions, repetitive pressings may be conducted to impose exceptionally high strains. In practice, the slip systems occurring during processing depend upon whether the billet is rotated about its longitudinal axis between consecutive passes. This gives rise to four distinct processing routes: route A where the billet is not rotated between passes, routes B A and B C where the billet is rotated by 90 between passes either in alternative directions or in the same sense, respectively, and route C where the billet is rotated by 180 between passes. 16) These different processing routes lead to different microstructures and it has been shown for high purity aluminum that optimum processing is achieved using route B C in order to attain a homogeneous array of reasonably equiaxed grains separated by boundaries having high angles of misorientation. 17) An important advantage of processing by ECAP is that it is relatively easy to scale the process for the production of large billets. 18, 19) Processing by HPT was reviewed recently 4) and it involves using a sample, typically in the form of a thin disk, and applying a high pressure and concurrent torsional straining. For this procedure, the equivalent von Mises strain imposed on the disk in torsional straining, " eq , is given by the relationship 20, 21) " eq ¼ 2Nr
where r is the radius of the disk, h is the height and N is the number of turns imposed by torsional straining. It follows from eq. (1) that the local strain varies with the position on the disk and at the center of the disk, where r ¼ 0, the strain is zero. The implications of this relationship are examined in the following section. As with ECAP, it is also possible to scale HPT for the processing of larger samples.
22,23)

The Strengthening Introduced by SPD Processing
The reduction in grain size introduced by SPD techniques leads to a significant strengthening of the material. The magnitude of this strengthening may be readily assessed by conducting tensile tests after processing 5, 24) but more detailed information on local variations within each separate sample may be attained by taking measurements of the local microhardness.
For ECAP samples, these measurements are usually recorded on the cross-sectional plane perpendicular to the pressing axis and Fig. 1 shows an example for high purity (99.99%) aluminum where values of the Vickers microhardness, Hv, are plotted along a diameter of each billet with the diameter extending in the Z direction perpendicular to the horizontal with the bottom of the billet on the left and the top of the billet on the right: 25) separate data are shown for the asreceived unprocessed material and for samples processed by ECAP through 1 and 4 passes at 298 K where the repetitive passes were undertaken using route B C . These results show there is good homogeneity throughout the billet processed through 4 passes of ECAP except only at the bottom edge of the billet where lower hardness values are visible through a width of $2 mm. In practice, more detailed information can be obtained by recording hardness values over the total crosssectional area and plotting these measurements in the form of color-coded maps for a direct visual image of the hardness distributions. [26] [27] [28] An important additional consideration with ECAP is to evaluate the variation of hardness along the length of the billet. Figure 2 shows an example of these measurements for an Al-6061 alloy processed through 6 passes of ECAP at room temperature: 29) the lower broken line denotes the asreceived alloy and the upper datum points show measurements recorded either along the central axis of the billet or at distances of 1.0 mm from the top and bottom surfaces, respectively. These results demonstrate there is excellent homogeneity along the length of the billet but with slightly lower values of Hv again recorded in the vicinity of the lower surface. In processing by HPT, inhomogeneities are anticipated within the disks because of the variation of strain with position as given by eq. (1). Nevertheless, there is evidence in HPT testing for a gradual evolution towards a reasonably homogeneous distribution of hardness values provided the torsional straining is continued through a sufficiently large number of revolutions. An example of this effect is shown in Fig. 3 where values of Hv are plotted across disks of an Al-6061 alloy: 30) for these tests the disks had a diameter of 10 mm, the lower points were taken prior to testing, the points designated N ¼ 0 correspond to the application of a pressure of 4.0 GPa at room temperature without any torsional straining and the remaining points are for samples strained through totals of 1 and 5 turns, respectively. These results show that the hardness increases on application of a high pressure even in the absence of any straining, with slightly higher values recorded at the peripheries because of the outflow of material around the edge of the disk and the higher level of deformation within this region. Torsional straining through one turn produces a high hardness around the edge of the disk but much lower hardness values in the center. However, after 5 turns it is apparent that the region of high hardness sweeps in from the edge of the disk so that there is now an outer region, having a width of $3:5 mm, where the hardness values are high and there is a reasonable level of hardness homogeneity. The gradual evolution towards microstructural homogeneity in HPT was effectively modeled recently using strain gradient plasticity. 31) Again, these types of hardness results may be conveniently displayed by plotting measurements in the form of color-coded distributions across the total area of each disk. 32, 33) 
The Principles of Grain Refinement in SPD Processing
The mechanism of grain refinement is an important issue in SPD processing because it determines both the strength of the as-processed materials and the properties exhibited by these materials in subsequent testing.
For a face-centered cubic metal such as aluminum, numerous slip systems are available so that grain refinement is relatively easy. The process of grain refinement has been tracked in pure Al using both single crystals [34] [35] [36] and polycrystalline materials [37] [38] [39] [40] [41] [42] and these observations provide information which may be used to construct a model for the development of an ultrafine-grained structure.
The principle of grain refinement in f.c.c metals is illustrated schematically in Fig. 4 where the X plane is perpendicular to the flow direction, the Y plane is parallel to the side face at the point of exit from the die and the Z plane is parallel to the top surface of the billet.
43) The three rows in Fig. 4 depict the microstructural characteristics on the Y plane after 1, 2 and 4 passes, respectively, with separate illustrations provided for processing routes A, B C and C. In the first pass an elongated cell or subgrain structure is introduced with boundaries having predominantly low angles of misorientation and with a cell width given by d. The second row shows the deformation in the second pass for the three processing routes, where denotes the total angular range associated with the various slip systems, and the bottom row shows the total deformation after 4 passes for these three routes. Each separate pass introduces new deformation and in route B C , which is especially favorable for ECAP processing, the various structures introduced on each pass will re-arrange and annihilate in a manner consistent with the low-energy dislocation structure (LEDS) theory. 44, 45) This leads to an array of essentially equiaxed grains, separated primarily by high-angle boundaries, with an average size equal approximately to the width of the original cell structure, d. Thus, the favorable nature of processing route B C is a direct consequence of the large angular range for slip of ¼ 63 . The difficulty of attaining grain refinement in hexagonal close-packed metals was illustrated in early experiments Fig. 3 The average Vickers microhardness, Hv, versus distance from the center of an Al-6061 disk in the unprocessed condition, after applying a pressure without torsional straining and after applying a pressure and concurrent torsional straining for up to five turns. Using Severe Plastic Deformation for the Processing of Advanced Engineering Materialswhere processing by ECAP was applied to cast pure magnesium and a magnesium-based alloy. 46) The grain sizes of these two materials remained large even after processing by ECAP and this led subsequently to the introduction of a two-step procedure, termed EX-ECAP, in which the grain size was initially reduced by extrusion prior to conducting ECAP processing. 47, 48) Unlike f.c.c. metals, the mechanism of grain refinement in magnesium alloys is not always homogeneous throughout the grains and it does not exhibit evidence of an alignment of the refined grains parallel to the shear plane. The refinement occurs instead by nucleation of new grains at pre-existing grain boundaries. This dependence on pre-existing boundaries is explained by the necessary activation of non-basal slip systems to build three-dimensional dislocation structures that will evolve into new fine grains. 49) The activation of nonbasal slip requires higher stresses than conventional basal slip and these high stresses arise close to grain boundaries due to the incompatibility of deformation between neighboring grains. In coarse-grained structures the activation of nonbasal slip appears to be restricted to a region of a few micrometers close to the grain boundaries but this area may extend through the grains if the grain size is very small. Thus, the mechanism of grain refinement in magnesium alloys depends strongly upon the grain structure of the initial material.
This behavior is revealed in Fig. 5 by the different grain structures obtained in a ZK60 (Mg-5.5% Zn-0.5% Zr) alloy processed by ECAP using a die with a channel angle of 110 from (a) a fine-grained extruded condition and (b) a coarse annealed state. 50) Figure 5 (a) shows the grain structure obtained after a single pass of ECAP in an extruded alloy having an average grain size of $2:9 mm and with the ultrafine grains developed throughout the sample. Figure 5(b) shows the grain structure obtained after a single pass in an annealed alloy having an initial grain size of $180 mm and with fine grains formed along the original grain boundaries in a necklace-like pattern.
It is possible to generate a homogeneous grain structure from an initial coarse-grained material by processing through a sufficient number of passes of ECAP in order to consume the core of the original grains. Figure 6 shows an example of this approach for an AZ31 (Mg-3% Al-1% Zn) alloy with Fig. 6 Grain structure of an AZ31 alloy processed by ECAP from the extruded condition: (a) initial structure, (b) after 1 pass and (c) after 4 passes of ECAP using a die with 110 between the channels. 50) an initial average grain size of $9:4 mm. This alloy is shown in the initial condition in Fig. 6 (a) and it was processed through (b) 1 and (c) 4 passes of ECAP. It is apparent that after a single pass in Fig. 6 (b) the area fraction of the newly formed ultrafine grains is reasonably large and the volume of these smaller grains becomes homogeneous and extends throughout the sample in Fig. 6 (c) after only 4 passes of ECAP.
Mechanical Properties after SPD Processing
Mechanical properties at low temperatures
The introduction of an ultrafine grain size leads usually, but not always, to a strengthening of the material when testing at room temperature. Two examples are shown in Fig. 7(a) and 7(b) for an Al-6061 alloy and an Al-7034 alloy, respectively:
51) both alloys were tested in compression at 298 K using an initial strain rate, _ " ", of 5:5 Â 10 À4 s À1 and with samples machined in the form of rectangular parallelepipeds oriented in the Z direction perpendicular to the top surface of the billet after pressing. For these tests, the Al-6061 alloy was processed by ECAP at room temperature and the Al-7034 alloy was pressed at 473 K. Figures 7(a) and 7(b) both show stress-strain curves for the as-received alloy and after processing through totals of 1, 2 and 6 passes, respectively. However, the results for these two alloys are different because in the Al-6061 alloy there is a strengthening after ECAP as anticipated from grain refinement but in the Al-7034 alloy the samples processed by ECAP are weaker than the as-received material. Furthermore, this weakening occurs despite a reduction in grain size from an as-received value of $2:1 mm to an as-processed value of $300 nm. The loss in strength in the Al-7034 alloy is due to a transformation in the precipitates during processing by ECAP from the semiequilibrium 0 -phase, which is the major strengthening phase in the Al-7034 alloy, into the -phase (MgZn 2 ). 52, 53) There is also a significant fragmentation during ECAP of the rod-like -phase precipitates which are present in the as-received material. Thus, the compression results shown in Fig. 7(b) are consistent with the stress-strain curves reported from tensile testing of the alloy after ECAP. 53) Plastic anisotropy is an important concern in SPD processing because there may be marked differences in behavior after ECAP depending upon the orientation of the sample with respect to the pressing direction. Figure 8 shows the results of tests conducted to evaluate the extent of any plastic anisotropy by testing compression samples of (a) Al- Using Severe Plastic Deformation for the Processing of Advanced Engineering Materials 1617 6061 and (b) Al-7034 under the same conditions at 298 K but using samples pressed through 6 passes in ECAP and then cut with orientations in the X, Y or Z directions. 51) Inspection of these two sets of curves shows there is no significant plastic anisotropy in either alloy after processing by ECAP and it is reasonable to conclude there is an overall homogeneity throughout both materials.
Mechanical properties at high temperatures
If the grain structure introduced by ECAP is stable at high temperatures, it is reasonable to anticipate that excellent superplastic properties may be achieved. Moreover, the optimum superplastic behavior is usually observed at higher strain rates and/or at lower temperatures than in materials having larger grain sizes of $2{5 mm obtained using conventional thermomechanical processing.
An example of an excellent superplastic elongation is shown in Fig. 9 for a ZK60 magnesium alloy processed by 2 passes of ECAP after previous deformation by extrusion. 8) The tensile sample was tested at a relatively low temperature of 473 K with an initial strain rate of 1:0 Â 10 À4 s À1 and pulled out to an elongation to failure of $3050% which is a record for any magnesium alloy processed by any technique.
It has been shown that the strain rate for superplastic deformation, _ " " sp , is given by a relationship of the form:
where D gb is the coefficient for grain boundary diffusion, G is the shear modulus, b is the Burgers vector modulus, k is Boltzmann's constant, T is the absolute temperature, d s is the spatial grain size and is the flow stress. This equation was originally derived for conventional superplastic materials but it applies also in materials processed by ECAP with ultrafine grain sizes. 55) Figure 10 shows the line predicted by eq. (2) for superplasticity 54) and experimental results for the AZ31 magnesium alloy processed by ECAP and tested at high temperatures. 56, 57) It is observed that there is good agreement between the experimental results and the prediction for superplastic behavior thereby confirming the superplastic nature of deformation in this alloy after processing by ECAP.
Summary and Conclusions
(1) The processing of metals through the application of severe plastic deformation, as in procedures such as equalchannel angular pressing (ECAP) and high-pressure torsion (HPT), leads to very significant grain refinement and the potential for producing advanced engineering materials having superior properties.
(2) There is a significant difference in the nature of grain refinement that occurs during ECAP in f.c.c. and h.c.p. metals. In f.c.c metals grain refinement occurs relatively homogeneously through the formation of dislocation cells or subgrains aligned along the different shear planes in multiple passes of ECAP and the gradual evolution of these cells into an array of ultrafine grains separated by high angle boundaries. In h.c.p. metals such as magnesium, new grains are nucleated along the initial grain boundaries due to high stresses that activate multiple slip systems in these regions. Different grain structures may be introduced in h.c.p. alloys by controlling the initial grain size and processing conditions.
(3) These ultrafine-grained structures generally lead to an increase in strength but they may also lead to a weakening if the processing conditions introduce significant changes in the precipitate morphology. If the ultrafine grains are reasonably stable at elevated temperatures, there is a potential for achieving excellent superplastic properties. Fig. 9 Appearance of a specimen of the ZK60 alloy tested in tension to failure at 473 K with an initial strain rate of 1:0 Â 10 À4 s À1 after processing through 2 passes of ECAP. 8) Fig . 10 Normalized strain rate versus normalized stress including the theoretical prediction for superplastic flow 54) and experimental data 56, 57) showing good agreement with the theoretical model. 55) 1618 R. B. Figueiredo and T. G. Langdon
